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Introduction
The final properties of materials made from powders depend upon the strength of the bonding between the particles, and on the amount, shape, and distribution of porosity. The oxide layer that exists at the surface of all metal powders hinders mass transports and inhibits diffusion between particles. The stability of this oxide layer depends on the composition of the metal powder.
Chromium and molybdenum are widely used as alloying elements in conventional ingot steels. Both elements are carbide formers and alpha phase stabilizers, and both greatly improve the hardenability of steels [1] . Due to the solid solution hardening effect, Cr and Mo enhance tensile and yield strength as well as hardness. Molybdenum also advances the rate of the bainitic transformation, affording the opportunity to obtain bainitic steels with high toughness over a wide range of cooling rates. The addition of Mo can compensate for the low ductility produced by high tempering temperatures, decreasing the commonly resulting brittleness. Additional advantages of chromium as an alloying element include low price and easy recyclability. As a result of these benefits, low alloyed Cr-Mo steels are used when parts require hardenability, high tensile strength, and good wear behavior. However, the higher sensitivity of chromium to oxidation during sintering, even in a prealloyed state, represents the main limitation for producing PM parts from this alloying system [2, 3, 4] . This paper explores the effects of composition and processing conditions on the developed microstructure, sintering bonding, and hence, the material behavior of such alloys.
Experimental procedure
To study the influence of the alloying elements on the sintering progress, three compositions with different oxygen affinity were chosen. All of these alloy compositions were produced by Höganäs AB (Sweden), using a standard water atomization process with subsequent annealing (see Tab. I). The first composition was a water atomized Fe powder, which was the reference material because of its low oxygen affinity. The other two compositions were prealloyed Fe powders with different Cr and Mo contents.
Tab. I. Nominal chemical compositions of the studied powders

Material
Nomenclature O-tot, % Chromium Molybdenum Iron Mixtures with 0.6 wt.% graphite were processed in a turbula-type spatial blender for 40 min. After blending, tensile bars were compacted at 700 MPa in a uniaxial press with wall lubrication of the die, then sintered in a lab tubular furnace under a 90N 2 -10H 2 -CH 4 atmosphere at a sintering pressure just above 1 atm, with a heating and cooling rate of 5ºC/min and a holding time of 30 minutes. The sintering atmosphere provides a reducing agent (H 2 ) that, together with graphite additions, prevents the oxidation of chromium at temperatures higher than 980ºC [5] , minimizing the risk of carbon loss. To assess the evolution of the oxide layer reduction, i.e., the bonding between particles, and the diffusion of carbon, the samples were sintered from 600ºC to 1200ºC in increments of 100ºC.
Sintered samples were characterized by chemical analysis, microstructural analysis, and mechanical testing. Oxygen and carbon content were measured with a LECO TC500 and CS200. Microstructural analysis was performed following standard metallographic procedures. Mechanical properties were measured by means of tensile tests and Vickers hardness tests. Fracture surface analysis was also performed to show the features of bonding as the sintering temperature was increased. Investigations regarding the combined carbon content, mechanical response, and neck characteristics demonstrate the effectiveness of the present reducing agents at high temperatures.
The study of porosity in this system (by image analysis) and density (by the method of Archimedes) with sintering temperature helped to explain the observed behavior of the sintered materials. Pore features were determined using three different parameters: pore area (μm 2 ), f circle , and f shape (f c , and f s , respectively) over unetched specimens [6] .
Results and Discussion
In prealloyed powders with chromium, the heterogeneous surface oxide has a mixed cation composition (from Fe and Cr) and a thickness between 6 to 10 nm [7, 8] .
The presence of this layer surrounding the particles inhibits the diffusion processes that take place during sintering. However, the mixed composition of this oxide enables the use of sintering atmospheres with a higher P O2 than would be calculated from the Ellingham diagram, due to the formation of Cr 2 O 3 (approx∼ 5 ·10 -18 atm as reported in [9, 10] ). Several works have examined the effect of agents that promote reduction of this layer. Considering the composition of the sintering atmosphere and the proposed alloying systems for this study, and considering N 2 as an inert gas, the most relevant reduction reactions [11, 12, 13] that can occur are:
Boudouard's reaction (3) MO+CO ↔ M+ CO 2 Reduction by CO/CO 2 (4) It is necessary to consider that, depending on the reaction, reduction can start from the surface of the components (H 2 ) or in the internal pores (C). The H 2 present in the atmosphere governs the reduction at relatively low temperatures, in the range of 1000º to 1100º C, for chromium systems. At higher temperatures, the activity of carbon in the austenite and the ratio of CO/CO 2 are the agents responsible of further reduction. In this case, we can assume that the ratio CO/CO 2 for chromium-containing steels will be similar in all the sintering processes.
The products of the proposed reactions can displace the previous atmosphere, modifying the concentration of reducing agents with temperature. This modification could, in turn, affect the success of inter-particle bond development. This work explores the sequence of bond formation depending on powder composition and sintering temperature. To determine the consequences of temperature changes, we study the evolution of porosity and the concentration of oxygen and carbon. We also examine the fracture surfaces just after tensile testing.
Influence of sintering temperature on oxygen and combined carbon contents
The variation of oxygen and carbon content with sintering temperature is shown in Fig. 1 . The Fe-C system shows large oxygen losses around 700ºC and 1000ºC that, according to [14] , correspond to the reduction of surface and internal oxides, respectively. The evolution of combined carbon content runs parallel to oxygen losses, which confirms that carbon acts as the main reducing agent of iron oxides. Comparing the three alloying systems, some differences are clear. In chromiumalloyed steels, oxidation starts at 800ºC. In the case of high-alloyed chromium steel, this oxygen gain remains until 1000ºC. At the same time, carbon content does not decrease. These facts can be taken as a sign that the currently investigated atmospheric composition is inappropriate for sintering of these materials in that temperature range.
Past 1000ºC, the oxygen content decreases due to the reduction provided by the carbon diluted in the austenite, and the CO/CO 2 ratio in the atmosphere. The high Cr-alloyed steels do not undergo the reductions described in reactions (2) and (4) until 1100ºC. The carbon loss of these specimens depends on the amount of chromium, which is directly related to the presence of a higher concentration of chromium cations (Cr 3+ ) in the oxide layer. The presence of this higher concentration of cations leads to a higher stability. Therefore, to achieve reduction at the given CO/CO 2 ratio, the high-alloyed chromium steel requires higher temperatures than do the reference and low-alloyed Cr steels. The complete removal of oxides is only achieved when sintering is performed up to 1200ºC. Moreover, the oxygen content after sintering up to 1200ºC is the same for all samples, which means that the surface layer and internal oxides were removed.
Bonding evolution with sintering temperature
There are some tests that can reveal the extent of bonding at different sintering temperatures. Metallographic examination, coupled with image analysis, and density measurements can provide information about the pore evolution and the length of necks between particles.
Below a sintering temperature of 800ºC, there are no differences in contact length for any of the studied materials. No contacts are formed, the initial particles are still visible, and there is no carbon diffusion. Graphite is retained around the ferrous particles, and the microstructure is ferritic.
Images of the Fe-C system at 800ºC in Tab. II show the formation of incipient sintering necks and the presence of some pearlite grains. These phenomena prove that carbon diffusion has begun. According to Fig. 1 , at 900ºC, the surface oxide has been totally reduced and diffusion processes are favored. At 1000ºC, the sintering process and the diffusion of carbon seem complete. We observed no significant difference between the samples sintered at 1100ºC and those sintered at 1200ºC.
For low-alloyed chromium steel, the microstructure does not evolve until 900ºC. At this temperature, large zones of pearlite appear in the ferritic microstructure, but there is no evidence of contact formation. It seems that the presence of surface oxides restricts the autodiffusion processes (which lead to contact formation and neck growth) to a greater extent than does carbon dissolution. Carbon diffusion is not complete until 1000-1100ºC. There are apparently contacts between particles at 1000ºC, although it is difficult to observe these contacts with optical microscopy. This hypothesis must be confirmed with fractography observations. The evolution of high-alloyed steels is similar to that of steels with lower chromium content, but delayed at higher temperatures. This delay is in accord with the evolution of oxygen content (Fig. 1) . Pearlite formation starts at 1000ºC, which demonstrates the beginning of the carbon diffusion, but the edges of the initial particles are still visible. Contact formation is clear at 1100ºC, and carbon diffusion is finished at 1200ºC, which results in a fully pearlitic microstructure. The pearlite is thinner and more abundant in the Cr-Mo containing steels, due to the displacement of the CCT curves caused by the alloying element content.
Quantity, interconnection, size and morphology are the main features of pores that can modify the final material properties. In this case, we evaluated the effect of sintering temperature on quantity, size and morphology of porosity in terms of cumulative and frequency distributions (Fig. 2 and Fig. 3 ).
Tab. II. Sequence of microstructures with sintering temperature of the studied systems. The low cooling rate leads to ferritic-pearlitic microstructures.
After the initial particle bonding, as sintering temperature is increased, there are different stages that bonding powders experience: neck growth, reduction of pore interconnection and shrinkage (densification), pore rounding, and pore coarsening (normally ASC 100.29 + 0.6%C Astaloy CrL +0.6%C Astaloy CrM +0.6%C
Stage at 600°C
Beguining of C dissolution 800ºC 900ºC 1000ºC
Beguining of autodiffusión 900ºC 1000ºC 1100ºC
Final State, 1200ºC
only at high sintering temperatures or long sintering times). All of these stages are related to mass transport phenomena that take place in the sintering cycle. 2 shows the evolution of total and open porosity values of the three materials with sintering temperature. The total porosity of the reference material is lower at all temperatures due to the lower compressibility of chromium prealloyed powders, which leads to a lower green density of the compacts. The total porosity of all the materials evolves in the same way as does the oxygen content. That behavior confirms that contacts begin to form and pores shrink only when the oxide layer of the particles is reduced. Based on the open porosity values, it seems that the gases produced in the reduction reaction open the pores on their way out. Once the reaction gases have been incorporated to the atmosphere, the pores close as the sintering process occurs.
After initial stage of sintering, in which neck formation takes place, mass transports mechanisms leads to changes in the structure of pores. In a second stage, diffusion processes produce pore shrink and, as a consequence, a decrease in the dimensions of the compact. After this stage, the sintered body still contains a wide rage of pore sizes and shapes. The late sintering stage is characterized by changes in the structure and the nature of pores: pore size distribution becomes narrower and pore surface becomes softer and round. Studying size distribution and shape parameters of the porosity of the samples sintered at different temperatures (Fig. 3) allows determination of the stage of sintering and the delay that the presence of stable oxide layers produces in the diffusion mechanisms.
In order to study the evolution of pore size, we plotted the cumulative frequency of pore area in Fig. 3, left. As expected, the percentage of pores of smaller size increases with sintering temperature, exhibited as a displacement of the curves to the right. The evolution of the pore size of Fe-C and low-alloyed Fe-Cr-Mo-C systems is similar. It is important to note the large area reduction present between 1000ºC and 1200ºC. This fact, together with the rounding of the pores, will have a significant influence in properties like ductility. In the highalloyed Fe-Cr-Mo-C system, the process of pore shrinkage is delayed due to the higher stability of the surface oxides. From the graphs, we can conclude that the size distribution of the pore system of this alloy after sintering at 1200ºC is equivalent to the distribution of the other two materials sintered at 1000ºC. 3 . Characteristics of porosity with sintering temperature depending on the studied steel. Left: area of pores (µm 2 ) and right: shape parameters (fcircle -white spot-and fshape -full spot-).
We examined the morphology of the porosity in terms of the shape parameters f shape , and f circle , which quantify the elongation and the irregularity of the pores, respectively. Values close to 1 reveal a round and regular porosity. Other studies have found that high sintering temperatures improve the f circle parameter more than f shape [6, 15] . This phenomenon is a consequence of the fact that irregularities in the surface have a smaller radius of curvature than does the pore itself. This higher curvature leads to a larger driving force for the mass transport mechanisms.
At the lower sintering temperature, f circle has a distribution centered around 0.4 for the three materials. In the Fe-C system, the distribution is shifted to higher values when the sintering temperature is increased. This tendency is also followed, to a lesser extent, by the low chromium-alloyed steel, whereas the distribution hardly evolves for the studied temperatures in the case of high chromium-containing steel. Only the Fe-C system shows a marked evolution of f shape at the studied sintering temperatures. In this system, f shape increased with increasing temperature. The chromium-containing materials show a slight increase in porosity, with values of f shape greater than 0.5. As pore rounding is connected to final stages of sintering, only the Fe-C system has achieved that point at 1000-1200ºC. The other two materials do not seem to evolve in this sense. Therefore, by studying the shape parameters of the porosity, it is possible to detect the presence of a stable oxide coating the particle, which delays the progression of sintering.
The measured density of the as-sintered specimens is shown in Fig. 4 . The density of the Fe-C samples is higher than the values obtained for Cr-containing materials. The larger compressibility of Fe powder makes the green density of the compacts higher, so higher values of final density can be achieved. 600ºC  700ºC  800ºC  900ºC  1000ºC  1100ºC  1200ºC  600ºC  700ºC  800ºC  900ºC  1000ºC  1100ºC  1200ºC  600ºC  700ºC  800ºC  900ºC  1000ºC  1100ºC The density of the specimens shows a dependence on oxygen content. The samples undergo swelling when oxidation takes place, and contraction when the oxides are reduced and the sintering process begins. Once the oxides are eliminated, an increase of density with sintering temperature is expected. As was stated before, the densification can be understood in terms of pore shrinkage, and depends on the amount of pores in the green specimens. For this reason, higher compressibility results in higher green density and, consequently, less densification of the compact during sintering. This relationship is the reason for the larger densification exhibited by the low-alloyed chromium steel in comparison to the reference material. In the high chromium steel, we observed an increasing trend of density after sintering over 1000ºC, and expect a greater extent of densification for sintering temperatures higher than 1200ºC.
The dimensional change of the specimens is consistent with the density measurements. The samples swell at the sintering temperatures at which oxidation is induced, and shrink when the contacts among the particles grow and close the porosity (see Fig. 4 ). As was expected, the chromium-containing steels underwent a larger shrinkage due to their lower green density.
Mechanical properties
In porous materials, the hardness depends not only on the resistance of the material to penetration by the indenter, but also on the strength of the contacts established among the particles, and on the amount of porosity.
In the Fe-C system (Tab. III), a moderate increase in hardness is produced between 700ºC and 1000ºC. The apparent hardness is a consequence of the presence of carbon in the microstructure, the bonding among the particles, and the porosity. Taking this in to consideration, the diffusion processes in this case seem to begin at 700-800ºC and finish at 1000ºC, because from there on, the hardness values stay constant.
Tab. III. Mechanical properties of the as-sintered specimens. Hardness, ultimate tensile stress, yield stress, Young's modulus and fracture strain are shown. The brittleness of some samples sintered at low temperatures only allowed determination of the UTS and strain values.
The presence of Cr and Mo in solid solution enhances hardness, given the presence of carbon. That enhancement explains why the apparent hardness of the chromium-containing steels only increases when carbon diffusion begins. The evolution of apparent hardness with sintering temperature of the studied samples shows that carbon diffusion in low-alloyed chromium steel begins at 800ºC, and finishes at 1100ºC. In high-alloyed chromium steel, the dissolution of carbon starts at temperatures higher than 1000ºC. The comparison between the three materials underlines the influence of chromium on the hardness of steel. It has to be taken into account that the carbon content of both chromium steels is lower due to the carbothermic reduction processes. The difference in hardness would likely be greater if the carbon content of all the compositions was the same. The influence of chromium and molybdenum on hardness would also be even more important after a thermal treatment that led to a harder microstructure.
We calculated the values of ultimate tensile strength, yield strength, Young's modulus, and strain at break from the stress-strain curves. However, due to the brittleness of some samples sintered at low temperatures, we were only able to obtain the UTS and the strain values for those samples.
The UTS of sintered steels depends on composition, density, porosity, heat treatment, and process conditions [16, 17] . In our case, this means that acceptable values of UTS will be achieved when the interparticle contacts are large and strong, which it is connected with a stage at the sintering process that lead to small, rounded, and uniformly distributed pores. On the other hand, carbon diffusion will enhance the UTS due to solid solution strengthening (see Fig. 5 ). In case of Fe-C, the experimental measurement of tensile properties suggests that carbon diffusion, growth of sintering necks, and the roundness of pores are important. Evolution of these features begins at 800ºC and seems to be complete at 1000ºC. In the chromium-containing steels, these processes are delayed. For low-alloyed chromium steels, the change in UTS appears at 1000ºC, and seems complete at 1100ºC. In high-alloyed steels, UTS does not significantly change until 1100ºC, and the change is not complete at 1200ºC. The values of UTS are proportional to the content of alloying elements. Yield strength and Young's modulus values agree with the UTS values. Young's modulus is very sensitive to the shape and size of porosity, so the presence of irregular pores considerably decreases its value. That relationship is why the moduli of the low-alloyed chromium materials are larger than those of high-chromium alloys. Relationship between UTS and strain at break and final oxygen and carbon content as the sintering temperature is increased. In the %O -%C plane, the filled points indicate that carbon is totally combined, whereas the empty points indicate the presence of free graphite in the microstructure.
The fracture strain data show the influence of alloying elements. Chromium and molybdenum in solid solution hinder the movement of dislocations, decreasing the ductility of the material. However, the most remarkable aspect is the influence of contact quality and pore geometry on the mechanical properties.
At the highest sintering temperatures, the values of hardness and UTS are barely enhanced, whereas fracture strain is clearly increased. Lower temperature sintering is sufficient to form strong contacts and dissolve carbon, but the increase of temperature leads to rounded pores, which provide larger ductility by decreasing the notch effect. This increase of ductility with sintering temperature is particularly prominent in the Fe-C and low Fe-Cr-Mo-C systems. In the high-Cr steel, we expect ductility to be larger if the sintering temperature is higher than 1200ºC (i.e. 1250ºC), because of the delay in the sintering process.
Fractography
We analyzed the fracture surfaces by SEM to determine the main fracture micromechanisms, as well as the growth and quality of sintering necks (Tab. IV).
The fracture surfaces of all specimens sintered at 600ºC and 700ºC are similar: there is no evidence of strong contacts between the particles, as all surfaces remain intact. The only difference between the samples is the larger deformation of plain Fe particles (ASC), due to the higher compressibility of this powder.
Tab. IV. Fracture surface analysis.
From 800ºC on, the evolution of the materials changes. In the Fe-C system at 800ºC, there are small necks torn by microvoid coalescence, typical of a ductile fracture, but these are not widespread until 900ºC. At higher temperatures, necks are more deformed and deformation edges can be seen all over the fracture surface. There is no evidence of cleavage or decohesion planes, so the dominant fracture micromechanism is, therefore, ductile fracture of sintering necks. This result means that the necks are strong enough to deform prior to fracture, but that they are not able to transmit the load to the particles.
In low-alloyed chromium steel, the first broken necks appear at 1000ºC, but the initial particles are visible until 1200ºC. At this temperature, necks seem well-formed and there is more deformation around them. Again, the main fracture micromechanism is ductile fracture of sintering necks due to microvoid coalescence, although, in this case, there are no deformation edges in the fracture surface.
In high-alloyed chromium steel, some necks appear broken by microvoid coalescence at 1100ºC, but the initial particles are still visible and the contact area is small. At 1200ºC, necks have grown and microvoids are evident all over the fracture surface, but some boundaries of the initial particles can still be distinguished, and porosity is still noticeable. The general morphology of the fracture surface of this steel sintered at 1200ºC is similar to that of the low chromium-containing steel sintered at 1100ºC, or by the reference sample sintered at 1000ºC. 
Conclusions
Based on the cited results, we can draw several conclusions:
• The presence of elements with high oxygen affinity (like chromium) enhances the stability of the surface oxide layer. The sintering process therefore requires a higher sintering temperature and tight control of the atmosphere.
• As a result of the higher stability of the oxides that contain chromium, oxygen losses occur at higher temperatures. Chromium steels also show oxidation at low sintering temperatures (around 800º-900ºC). Carbon is the main reducing agent at high temperatures, and the carbon loss has to be taken into account in the initial composition.
• Diffusion processes do not begin until the surface oxides are reduced. Carbon diffusion takes place before than the formation and growth of the sintering necks. The evolution of the quantity density of pores with sintering temperature shows a decrease when necks between particles start to form. Studying the open porosity allows determination of when the reduction of surface oxides takes place, as open porosity increases at that time.
• Analyzing the shape parameters of the pore morphology allows detection of the presence of a stable oxide coating the particle. This coating delays the stages of sintering.
• Despite the fact that the final microstructures are ferritic/pearlitic due to the low cooling rate, reasonable mechanical properties can be obtained after sintering low-alloyed chromium steels at 1120ºC in a proper atmosphere. However, temperatures over 1200ºC are necessary to obtain optimum results.
In general, the whole sintering process is delayed due to the presence of chromium. This effect becomes greater as the chromium content increases.
